A readout method which is suitable for high-density active microelectrode arrays used in electrophysiology experiments is presented. Amplitude modulation of consecutive channels enables simultaneous recording and transmission of the signals recorded on multiple electrodes, using a single amplifier. The physical limitation of the readout method is demonstrated to relate to the summation of the thermal noise of each recorded signal at the input of the amplification stage. Post-layout simulations of a possible circuit implementation in a 0.18 µm CMOS technology show that five pixels connected to a single amplifier are feasible with a pitch dimension of 17 µm, and an SNR value of 15 dB.
Introduction
Electrophysiology experiments in-vitro aim at analyzing the electrical activity of cultured cells, be this spontaneous or a response to an electrical or chemical stimuli. Active microelectrode arrays (MEAs), which contain on-chip CMOS circuitry performing signal processing such as amplification or filtering, have recently emerged as devices enabling a large number of closely spaced electrodes to be manufactured along with their readout circuits [1, 2, 3] . They have been proposed to respond to the need of recording the electrical activity of neural cells at cellular or sub-cellular levels. Simultaneously, active MEAs also respond to high constraints in terms of signal-to-noise ratio (SNR) in such systems, where the extracellular potential is recorded in the range of tens of microvolts to a few millivolts due to significant signal attenuation in the medium, and a signal bandwidth in the range of 100 Hz to 5-10 kHz, where flicker noise has an important contribution. These constraints manifest themselves as conflicting circuit-level specifications, where large input-stage amplifiers are needed in each recording site, which in turn prevents the fabrication of dense, sub-cellular electrode arrays.
Different approaches for the integration of the front-end analog readout architecture have been proposed. In order to read an entire array of 4'096 electrodes, the front-end amplifiers have been integrated in each recording site in [1] . A spatial resolution of 42 µm is achieved in a 0.35 µm CMOS technology. In [2] , the amplification stage is located outside the electrode array. A pitch dimension as small as 18 µm has been obtained. However, only 126 channels can be recorded simultaneously, out of 11'011 electrodes. Finally, a 128 × 128 sensor array having a spatial resolution of 7.8 µm has been achieved in [3] . Each sensor in one row is connected to a unique readout amplifier, which reads the sensor one-by-one. Current-mode readout with fast pseudodifferential input stage has been implemented in order to be able to read the entire array. However, the active MEA is limited by a sampling rate of 2 kSample/s. This paper presents an innovative readout architecture which aims to solve the physical and electrical limitations of high-density active MEAs.
Readout method
The conceptual schematic of one readout channel containing N pixels and implementing the proposed modulation-based architecture is depicted in Fig. 1 (a) . In each pixel, the recorded neural signal p n (t) is modulated by a sinusoidal carrier signal c n (t), having a different frequency for each sensor in the row. The modulated signals s 1 (t) to s N (t) are summed up in order to obtain signal s a (t), which is amplified before analog-to-digital conversion. The front-end readout architecture of the entire sensor array is depicted in Fig. 1 (b) . Each row implements a readout output channel, where each carrier signal c n (t) is applied to all sites participating in a column. Finally, each signal is recovered by digital demodulation on a FPGA.
Noise analysis
A theoretical analysis of the signal flow through the readout architecture is performed for the design of the proposed architecture. The noise factor and noise figure of all the circuit blocks implemented in the readout channel are analytically expressed. The noise factor and the noise figure, defined as the ratio between the SNR values at the input and output of a system, are commonly used figures which quantify the degradation of the SNR as the signal passes through a transmission system. Thus, these parameters are suitable to quantify the signal degradation in the modulation-based readout channel system. The noise factor F P and noise figure NF P of a single pixel are expressed as: 
where A P −t and A P −f are the root mean square (RMS) values of the thermal and flicker noise generated in the pixel, respectively, and A Int is the RMS value of the equivalent thermal noise generated in the electrode-electrolyte interface. These values are measured over an identical bandwidth, which is selected large enough in order to contain the entire frequency spectrum of neural activity. The noise factor F P S of the pixel stage, which comprises all the pixels of a readout channel is expressed as:
where N is the number of pixels connected to a single front-end amplifier. The modeling assumption is that the thermal noise generated in each pixel is uncorrelated and has an identical RMS value for each pixel. The minimum achievable noise factor F min is equal to N . This property relates to the summation of the thermal noise of each recorded signal at the input node of the front-end amplifier.
The noise factor F CH of the entire analog part of the readout channel, from the input node of the nth pixel to the output of the front-end amplification stage, is expressed as:
where G M is the gain of one mixer and A A−t is the RMS value of the thermal noise of the amplification stage.
Results
A CMOS implementation of the modulation-based readout architecture has been designed in the UMC 0.18 µm CMOS technology. Each pixel contains a double-balanced CMOS mixer based on the Gilbert Cell topology, as depicted in Fig. 2 . Each pixel has an area of 15.24 × 16.44 µm 2 and a power consumption equal to 12.24 µW. Following post-layout simulation of the noise characteristics of the readout circuitry, the noise factors and noise figures defined in Eq. (1)- (4) have been numerically evaluated. A two-stage Millercompensated operational amplifier occupying an area of 43.6 × 33.8 µm 2 and dissipating 20 µW is used. Post-layout simulations of the gain, the third and fifth harmonic distortion components of a CMOS mixer with respect to the amplitude of the carrier signal are depicted in Fig. 3 (a)-(b) . A carrier signal amplitude equal to 100 mV has been chosen as a tradeoff between a large gain and an acceptable third harmonic distortion component. The averaged input-referred noise spectral density of the pixel stage is depicted in Fig. 3 (a) with respect to the number of mixers which are contained in the readout channel. The average is calculated over the frequency range from 100-300 Hz to 5-10 kHz, which approximately corresponds to the frequency bandwidth of the extracellular activity. The maximum noise spectral density is obtained within the frequency range from 100 Hz to 5 kHz, and the minimum noise spectral density within the frequency range from 300 Hz to 10 kHz, with the carrier signal frequency of 50 kHz considered as the origin. This variability is described with vertical bounded segments. When the number N of pixels which are contained in the readout channel increases, the noise spectral density also increases. Compared to the case where only one pixel is connected to the amplification stage, the averaged input-referred noise spectral density is approximately 1-2 dB µV/Hz 1 2 and 4-5 dB µV/Hz 1 2 larger when N is equal to 2 and 5, respectively. This increase is due to the fact that thermal noise at the output of each mixer is summed at the input node of the front-end amplification stage.
The SNR values of the recorded signals have been defined using cellelectrode models adapted from [4] and [5] . The noise factor F P S of the pixel stage is depicted in Fig. 3 (b) with respect to the number of pixels contained in the readout channel. Two different values of the noise spectral density generated in the cell-electrode environment, corresponding to the expected most favorable and typical cases encountered during electrophysiological experiments, are taken into account. The most favorable and typical cases correspond to the cases where a large neural cell having a diameter of 20 µm and a typical neural cell size of 10 µm are considered, respectively [6] . The SNR value of the recorded signals is approximately equal to 35 dB and 25 dB for the most favorable and typical case, respectively.
As observed, the most favorable case reaches the physical limitation of the modulation-based readout architecture, while the noise generated in the CMOS mixer stage is not negligible when the typical case is considered. Considering the noise factors depicted in Fig. 3 (b) and the SNR values of the recorded signals, the SNR of the input signal of the amplification stage is approximately equal to 15 dB for the typical case. This signal quality is still sufficient for most electrophysiological experiments. However, increasing the number of pixels will eventually lead to a deterioration of the signal quality at amplification stage.
Conclusion
An innovative readout architecture, where a single amplification stage simultaneously records the extracellular activity acquired from several electrodes, has been presented. This new readout method is based on the amplitude modulation of the recorded signals and is expected to provide an efficient solution to the spatio-temporal limitations of very dense active MEAs. A theoretical analysis has demonstrated that the minimum achievable noise factor increases proportionally with N . Noise factor values numerically evaluated following post-layout simulations have demonstrated that five pixels connected to a single amplification stage result in an SNR value of approximately 15 dB at the input of the common amplification stage if a pitch dimension approximately equal to 17 µm is considered. The signal quality is appropriate for most electrophysiological experiments. Further increasing the number of pixels requires using advanced spike detection methods which are able to deal with small SNR ratios [7] .
